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APPROXIMAT2VE CALCULATION OF THE BUFFER BASE, THE
TITRATION CURVE, AND CO2 -DISSOCIATION CURVE OF BRAIN TISSUE

Traugott Middendorf and Hans H. Loeschcke,
Institute for Physiology, Ruhr University, Bochum, Germany

(On One of the first articles in which in vivo CO2 concentrations /1*

in brain tissue were determined experimentally during acute

resplratolymahidosisis that by Thompson and Brown (1960). Sys-

temization is provided in the article by Pont6n (1964), whose

experimentally obtained buffer line is described by the equation

pH = -0.79 log 0PBC02 I8 '.4Subscript B stands for brain tissue.

In 1966, Pontencipubllshed an additional article on cerebral CO 2
binding with a confirmation of his earlier finding that a quasi-

steady state in CO 2 binding is reached in approximately 30 min.

On theo6ther hand, he obtains a buffer line on the basis of a modi-

fied freezing technique which differs basically from that obtained

earlier in its slope (pH = -0.674 logPBC02 + 8.303). In contrast

to Ponten's work, Weyne et al. (1968) and Kjllquist et al. (1969)

find equivalent buffer lines for the entire brain in the normo-

capnic and hypercapnic ranges, while -dlogPBC0 2/dpH increases /2

rapidly under hypocapnic conditions, due to a change in the buffer

base. It is shown'i,to be probable that this occurs as the result

of lactate production. Buffer capacity and short-term chemical

shifts in milieu, rather than long-term ionic exchange processes

between intracellular and extracellular phases and certainly not

renal compensation mechanisms (Brown, 1971), are responsible for

the CO2 dissociation curves determineddexperimentally underu:acute

conditions by the above authors.

In contrast to Pont6n (1964, 1966) and Weyne et al. (1968),

who plot a buffer line for total cerebral fluid, Kj~llquist et al.

* Numbers in the margin indicate pagination in the foreign text,.



(1969) describe CO02 binding in extracellular and intracellular

fluids of the brain separately in rats. Since according to

Kjllquist et al., Pont6n's and Weyne"s values for buffer capacity

are too small as the result of the anesthesia used, Kjllquist's

findings will be used as the basis here.

A summary of the relationships between protein content,

buffer base and CO 2 binding in the brain is provided by Siesj6 and

Pont~n (1966). In this article, buffering by protein is treated

like buffering by a univalent acid-salt system A-/HA. Proteins

contain many and varying groups, however, which behave as proton

acceptors; this is manifested in the fact that the pH-meter

titration curve can be approximated better with a straight line

than with the S curve characteristic of an individual dissociating

group. For this reason, it appeared more realistic to us to base

the formulation of buffering by proteins onna linear titration

curve. In addition, a phosphate buffer is covered in this ar-

ticle, since according to McIlwain and Bachelard (1971), appreciable

phosphate concentrations exist in the brain.

Theory and Results

The water content of the rat brain is 78.4%. This includes

about 3% blood water and 12% extracellular fluid (Ponten, 1966,

and Kjllquist et al., 1969). We then find bicarbonate concentra-

tion in the brain [HC 0
3 ] B to be

[H O0-]B 0.634 [HCO0-ICF + 0.120 [HCO3 ]ECjP1 0.754 (1)

in mmol/kg H2 0 (63.4%, 12% and 75.4% water:'. content in intracellu-

lar and extracellular spaces and in the two combined, without

blood). The associated cerebral mixed pHB for PCO0 2 and [HC03-] B
can be determined with the aid of the Henderson-Hasselbach
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equation. We obtain the following table of values from the data

of Kj~llquist .et al, C1969)i

PBco, log PBo, [HCO-JB pHB /3

20 1,301 8,587 7,256
30 1,477 11,905 7,222
40 1,602 14,140 7,171

50 1,699 16,062 7,130
60 1,778 17,658 7,092
70 1,845 19,021 7,057
80 1,903 20,353 7,029
90 1,954 21,537 7,002

[Note: Commas in numerals are equivalent to decimal
points.]

The last six values in this table can be obtained approxi-

mately with the Astrup or buffer line.

pHB = - 0.483 1og PBco, + 7.948 (2

If we apply the Henderson-Hasselbach equation to (2), we

obtain the expression

[HCO3-] = 10 -1.070 pH, + 8.832 (2a)

for [HCO 3 ]B as a function of PHB; this can be approximated with

a line for pHE [7.0, 7.18]:

[HCO ] s = -43.29 (pH - 7,50) (2b)

The buffer or Astrup line is determined physicochemically by

the protein-buffer system P-/P, the phosphate-buffer system
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HP04-/H 2 P04- and the carbon dioxide buffer system HCO3-/CO 2.

[P-] =A*P*(pH-PH 1) Titration line (3)

+p=pK2+10gHPO [-l 2og[HPO-] Law of mass action (4)p pKph ± log [4] og for phosphate

pH = pK' +log [HCIIO - log [C02] Henderson-Hasselbach (5)
S equation,

where P is total protein concentration in g/100 ml, A is a slope

factor in meq OmH pKP is the second dissociation con-Jkg H.0 g pH Ph2

stant of phosphoric acid, pK' is the hydration and dissociation

constant of carbon dioxide / bicarbonate, and pHo is the pH at

which the sum of positive and negative charges on protein is zero.

According to Netter (1959), PKPh 2 = 6.81 and, according to Kjall-

quist et al. (1969), pK? = 6.12. The slope and pH o of the protein

titration line are unknown.

In the physiologically meaningful region, we can take /

d[HCO3 ]/dpH., = -43.29 from equation (2b). This value is further

affected by the protein and phosphate buffer systems. On the basis

of electron neutrality and the stoichiometry of CO2nibinding, we

have

f d (HCO-] = - (d[P-] + d [HPO4 ])
d [HCO-] /d P-1 d [HPO,-] (6)
/ dpH dpH dpH

The slope of the protein titration curve being sought now

appears in (6).

Using equation (4) (Loeschcke, 1972) and the condition of

constancy of the sum of phosphate [H2 PO 4 ] + [HPO 4 ] = C mmol/kgH2O

we can now determine d[HPO4=1/dpH. We obtain
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d 1HIPO] _ [HPO4-] (C - [HPO,-])
dpH 0.4343-C

According to McIlwain and Bachelard (1971), C* = 16 meq/9,

brain or C* = 21.22 meq/kg H20. If we assume that C* was deter-

mined at PBC0 2 = 46 torr or at a mixed pH value of 7.145, we ob-

tain C = 12.60 mmol/kg H20.

From (7) we can then write equation (6) in the form

d [FP-] d [HCO-] [HPO,-] (C - [HPO-) (8)
dpH dpH 0.4343 C

With a standard bicarbonate value of [HC0 3-]B 14.316 mmol/kg

4 iQ apQ :pH of PHB = 7.174, we obtainan [HP0 4 ] value of:f,'9
8.796 mmol/kg H120, i.e.

meq 1
d[P-1 43,29 - 6,11 = 37,18 i-o pL

(In this formula, meq is correct if only HPO4 and not HPO4
acts as the buffer. Then meq = mmol; referred to protein, however,

presentation in meq is to be preferred.) Thus the slopes of

titration lines for cerebral proteins are known to a first approxi-

mation. In order to nowwdetermine PHo, it is necessary to know at

least one [P-1 value and the associated pH. According to McIlwain

and Bachelard (1971), overall cation concentration in the human

brain is 166 meq/Z and anion concentration without proteins and

lipids is 87 meq/t. The difference between cation and anion con-

centrations is divided equally, according to McIlwain and Bachelard

(1971), between lipids and proteins. If it is correct that the

lipids do not come under consideration for buffering, it is only

necessary to consider protein. We then find dissociated protein /5

concentration to be 40 meq/Z or 53.05 meq/H 20 at a cerebral mixed

pH of 7.145. From these data we calculate pH o = 5.718.
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If we now assume, in accordance with Me1Ilwain and Bachelard

C1971), protein concentration in the brain to be 8 g/100 ml, we

then obtain

A = 4.648 meq 100 mi 1
kgHO g pH

In order to now obtain the CO02 dissociation curve formally,

we begin with the electron neutrality condition for cerebral fluid

(Siesja and Pont6n, 1966). If [Cat + ] refers to cations other than

[H+1 and [At-] (including HP0 4-) refers to anions, other than

the buffer base, consisting of [P-I, [HBO4-] and [HCO 3], then

S[Cat+] + [H+] = [An-] + [HCO,-] + [HPO -] + [P-].

The milliequivalent values are to be substituted into this

equation, i.e. since [HPO ] has previously been expressed in

mmol/kg H20 , it must be multiplied by a factor of 2 here.

Since jI[at+] -[An-] - [HPO ] = [P it follows, if we take

equations (3), (4~ and (5) into consideration, that

[PB] = - K+ oHC-I + -[CO+ - + A P - (pH-pHo)HCO [H+] + Kr*H

orPB] SCO' + [HCO- + KPh CHCO-]
PB] [HCO,-] K' Sco, Pco, + KPr, [HCO-

+ A P (pK'$ log, C)o,- / (p)

If we apply (.2): and (2a) or (2b) to (9), we. find the cerebral

buffer base to be 77 meq/kg H201 If we now solve (9) with respect

to log PC0 2 , assuming [H ] tot:Ybe negligibly small, we obtain the

following equation for C02 dissociation for the cerebral fluid:
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log PB, = Ap ([HCO-] + K [HCOB - [PB]B)' •Sco, - Psco, + KPh - -HCoCF.- t
+ pK' + log [HCO-]JB - pHo - log SB c o,

or 
1  10-6.81. 12.60 [HCO,-]B 77)

log PBco,= - 10-6.12. 0.0314 - PBC + [HCO-J

+ 6,12 + log [HCO3-nB - 5,718 - log 0.0314.

Fig. 1 shows a /6
[HCOB meqlkg H20 comparison between cal-

culated and experimental
24 values. It is found that

the experimental data

20 from Kjdllquist et al.!

(1969) is approximated

quite well by the cal-
16

culated values for
14: normocapnic and hypocap-

12 nic conditions. The

1o relatively large devia-

tion in the data for

hypocapnia and in those

. _. .. ... from Weyne et al. .(,1968)

10 20 30 40 50 60 70 80 90 100 PbCO2 rr is due to an altered

buffer line. Although
Fig. 1. Experimental (Weyne et al,
1968; Kjdllquist et al, 1969) and it was expected that the
theoretical relatibnship, between bi- theoretical and experi-
carbonate concentration and CO 2 press-
ure in brain tissue. The deviation of mental results would
the experimental data for hypocapnia 1 Feeagree, this agreement is
and in those obtained by Weyne et al.
(1968) from the calculated CO02 dis- not based on a pure
sociation curves is due to an altered
Astrup line. A Weyne et al. (1968);
.,QQ'Kj~llquist et al (1969); - theory. empirical data, but on

the applicability of
the assumed physicochemical laws; and the empirical data such as
the buffer line from KJallquist et al. (1969).and total phosphate
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ion and dissociated protein concentrations from McIlwain and

9achelard (1971),

Discussion

Siesj6 and Pont6n (1966) likewise attempted, as mentioned

above, a theoretical description of CO2 binding in brain tissue.

Since they didnothlbase their considerations on a titration line

for the protein buffer system and a phosphate buffer, but merely

used the simple law of mass action for protein, a comparison of

numerical values is hardly possible. On the basis of his buffer

line, Pont6n (1966) arrives at a value of 36 meq/kg H20 for the

buffer base, a value which is probably too small, if we consider

that Bont4n's (1966) buffer capacity corresponds approximately to

that of the blood, dtlogPC0 2 /dpH = -1.5 (Siesjb and Pont6n, 1966)

and, under these given conditions, the blood has a buffer base of

approximately 50 meq/t. According to Altman and Dittmer (1971),

the buffer base of erythrocytes ifs 57 meq/P erythrocytes or

81 meq/kg H2 0. A comparison with the buffer base of 77 meq/kg H 20

calculated from the data from Kjallquist et al. (1969) indicates

that buffering in the brain is probably just as good as in red

blood cells, although protein concentration in the brain, 8 g/100 ml,
is somewhat lower than in erythrocytes, with anIH, concentration of

33 g/100 ml.

It should be noted, on the other hand, that the description

given here of the buffer base consisting of HCO 3 , HPO 4 - [sic], P-
and the pH o value of 5.718 are very approximate in character,

since, for example, the composition of the buffer, the correct

amount of dissociated protein for a pH value, the shape of the

titration curve for brain proteins and the like are known only

approximately. It should be mentioned, moreover, that the theo-

reticaly derivation of the C02 dissociation curve is.valid only

for acute cases and not for more prolonged ones, for which

8



altered CO2 dissociation curves are obtained, according to Kazemi

et al. (1967) and Weyne et al.' (1968).

However, the proposed method appears to be suitable and

adequate for calculating the parameters of acid-base equilibrium

in the brain under the condition of acute changes in CO2 pressure.
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